Potato (Solanum tuberosum L.) late blight, caused by Phytophthora infestans (Mont.) de Bary, is one of the most damaging diseases in any crop. Deployment of resistant varieties is the most effective way to control this disease. However, breeding for late blight resistance has been a challenge because the race-specific resistance genes introgressed from wild potato S. demissum Lindl. have been short lived and breeding for ''horizontal'' or durable resistance has achieved only moderate successes. We previously demonstrated that the highlevel late blight resistance in a wild potato relative, S. bulbocastanum Dunal subsp. bulbocastanum, is mainly controlled by a single resistance gene RB. Transgenic potato lines containing the RB gene have showed strong late blight resistance, comparable to the backcrossed progenies derived from the somatic hybrids between potato and S. bulbocastanum. Here we report the development of a polymerase chain reaction-based DNA marker for tracking the RB gene in breeding populations derived from the potato 3 S. bulbocastanum somatic hybrids. Several marker-positive breeding lines showed the expected late blight resistance in greenhouse evaluations. Our results demonstrate that marker-based selection will allow us to effectively transfer the RB gene into potato using traditional breeding methods, an alternative to deploying the RB gene through genetic transformation.
L ATE BLIGHT caused by P. infestans is the most serious threat to potato production worldwide (Duncan, 1999; Garelik, 2002) . Late blight starts as dark, watersoaked lesions present on the leaf surface that rapidly spread over the foliage. The devastation caused by P. infestans was first noticed during the middle 19th century Irish potato famine, which resulted in one million deaths. Late blight is still the most serious problem of cultivated potatoes and may cause complete tuber loss in susceptible germplasm (Ojiambo et al., 2000) . Current potato production practices use expensive fungicide applications and intensive cultural practices to control P. infestans outbreaks. However, due to the constant genetic shifts in P. infestans populations and the decrease in fungicide effectiveness, this pathogen can cause significant losses in potato (Fry and Goodwin, 1997; Garelik, 2002) .
The most effective and environmentally friendly way to prevent widespread devastation by late blight is to incorporate natural resistance into potato cultivars. Since the middle 19th century, there has been extensive selection and breeding for late blight resistance. Many current potato cultivars contain resistance derived from S. demissum (2n 5 6x 5 72), S. andigena Hawkes (2n 5 4x 5 48), and other wild species. Most of the resistance obtained from these wild species, mainly from S. demissum, belong to the ''vertical resistance'' type. In vertical resistance, plants containing a specific resistance gene (R gene) or virulence gene will interact with the corresponding avirulence gene found in the pathogen, which is known as the ''gene-for-gene'' concept (Flor, 1971; Hammond-Kosack and Jones, 1996; Keen, 2000; Leister, 2000) . Potatoes containing these R genes are only effective in preventing the development of late blight if the invading P. infestans race contains the corresponding avirulence gene. The R gene-mediated resistance is often short lived and is rapidly overcome by new strains of the late blight pathogen. A total of 11 R genes, all from S. demissum, have been characterized in potato (Black et al., 1953; Malcolmson and Black, 1966) .
In the 1970s potato breeding with emphasis on vertical resistance was replaced by breeding for ''horizontal resistance'' (Wastie, 1991) . Horizontal resistance is thought to be polygenic or a quantitative trait that confers resistance to multiple races of a particular pathogen (Agrios, 1997) . The mechanisms of horizontal resistance have not been well understood. Horizontal resistance is believed to be much more durable than vertical resistance due to the interaction of many genes which recognize different races of the same pathogen. Durable or horizontal resistance is described as being effective during prolonged and widespread use in an environment conducive to the disease (Johnson, 1984) . However, horizontal resistance is difficult to breed for due to its polygenic nature and poorly understood mechanisms of action.
Many wild potato species coexist in the same habitat as the late blight pathogen and have developed mechanisms for survival along with the pathogen. Solanum bulbocastanum (2n 5 2x 5 24), a diploid species native to Mexico, has previously been characterized as possessing durable resistance against P. infestans, even under high disease pressure (Niederhauser and Millis, 1953; van Soest et al., 1984) . S. bulbocastanum shows a general suppression, but not total elimination, of late blight symptoms. The resistance present in S. bulbocastanum is effective against all the known races of P. infestans. Surprisingly, the late blight resistance in the S. bulbocastanum clone PT29 was mapped to a single locus on chromosome 8 (Naess et al., 2000) . This single gene, RB, has been previously cloned and transformed into Katahdin, a highly susceptible potato cultivar. Katahdin plants transformed with the RB gene showed broadspectrum resistance against a number of P. infestans strains in both greenhouse and field tests (LozoyaSaldana et al., 2005; Song et al., 2003) . These results show that it should be possible to develop resistant varieties by introgression of the RB gene from S. bulbocastanum into cultivated potato, presumably by either transgenic or traditional breeding methods.
Somatic hybrids between potato and S. bulbocastanum clone PT29 were developed. Several backcrossed progenies (BC1 and BC2) derived from these hybrids have been extensively tested in the field, demonstrating remarkably high resistance to late blight (Helgeson et al., 1998) . These backcrossed progenies have been widely used as parents in many potato breeding programs in the United States. Four BC1 and three BC2 lines have been used as parents in the Wisconsin Potato Breeding program to generate a large number of new breeding lines. However, it has been difficult to effectively track the RB gene in breeding populations that have not been exposed to late blight inoculation. To alleviate this problem, we have developed a polymerase chain reaction (PCR)-based molecular marker for tracking the gene RB in breeding populations. We demonstrate that this marker can be used effectively for marker-assisted selection of the RB-mediated late blight resistance.
MATERIALS AND METHODS

Plant Materials
Plants used for PCR marker development include several independent transgenic Katahdin lines in which resistance or susceptibility to P. infestans had previously been determined (Song et al., 2003) . The late blight resistance of several backcross progenies derived from the potato 3 S. bulbocastanum somatic hybrids have been characterized by extensive greenhouse and field tests (Helgeson et al., 1998) . These backcross progenies, including resistant lines J101K6, J101A7, J101A32, J101A45, and J101K6A22 and susceptible lines J101A20 and J101A39, were used for marker development. The breeding lines used in marker-assisted selection were developed from crosses using potato varieties or advanced selections as the male parent and one of the resistant BC1 progenies (J101K6, J101K27, J103K7, J103K8) or BC2 progenies (J101K6A19, J101K6A21, J101K6A22) derived from the potato 3 S. bulbocastanum somatic hybrids as the female parent. Eight unselected populations (WTS families 1212 (WTS families , 1214 (WTS families , 1216 (WTS families , 1217 (WTS families , 1218 (WTS families , 1219 (WTS families , 1220 (WTS families , and 1221 were received from Dr. Joseph Pavek (USDA-ARS, Aberdeen Research and Extension Center, Idaho).
DNA Isolation and PCR
Potato tubers were stored at room temperature until sprouting was observed. DNA was isolated from the resulting shoots using the Qiagen Plant Dneasy Kit according to the manufacturer's instructions (Qiagen, Valencia, CA). PCR was performed at least three times on each sample using the PCR marker for gene RB. The marker consists of primer 1: 59C-ACGAGTGCCCTTTTCTGAC and primer 19: 59ACAA-TTGAATTTTTAGACTT. The 25-mL PCR reactions were composed of approximately 50 ng DNA, 25 mmol of each dNTP, 1.5 nmol of each primer, 1 unit of Taq polymerase (Promega, Madison, WI), and buffer with 15 mM MgCl 2 . The PCR was performed by the following protocol: 7 min at 958C; 38 cycles of 20 s at 958C, 20 s at 508C, and 2 min at 728C; followed by a final extension step of 7 min at 728C. PCR products were separated on a 1.2% agarose gels in 13 Trisborate EDTA and visualized and photographed with the Gel Doc 2000 (BioRad, Richmond, CA) under UV light after staining with ethidium bromide.
Late Blight Resistance Evaluation in Greenhouses
To confirm that the presence of the PCR marker correlates with the late blight resistance phenotype, we evaluated the late blight resistance of seven marker-positive and seven markernegative breeding lines in Biotron greenhouses at the University of Wisconsin-Madison. The selected lines were grown in triplicate and placed in a mist chamber 8 h before inoculation. The mist chamber held a 24-hour relative humidity of 100%, an 8-hour light period, a daytime temperature between 17 and 198C and a nighttime temperature at 13 to 158C. The lines were challenged with sporangial suspensions of P. infestans isolate US930287 (US-8 genotype, A-2 mating type) obtained from Dr. William Fry, Cornell University, Ithaca, NY. Measurements of the foliage blight were interpreted and scored according to the Malcolmson scale (Cruickshank et al., 1982) . The scale was based on percentage of foliage infected and scores were as follows: 9, no visible infection; 8, ,10% infection; 7, 11 to 25%; 6, 26 to 40%; 5, 41 to 60%; 4, 61 to 70%; 3, 71 to 80%; 2, 81 to 90%; 1, .90%; 0, 100% infection. Blight scores were recorded 4, 7, and 10 d after inoculation. An average score for the resistance of each clone was determined using the three replicates. Those plants with a score of 7 or higher were considered to be resistant.
RESULTS
Development of a PCR-Based Marker for RB
Plant disease resistance genes are often organized in tandem arrays (Michelmore and Meyers, 1998) . Gene RB is located in the middle of an array of four resistance gene analogs (RGAs), RGA1/rga1, RGA2/rga2 (RB/ rb), RGA3/rga3, and RGA4/rga4 in S. bulbocastanum clone PT29 (Song et al., 2003) . The four resistance gene analogs share 69 to 79% sequence similarity. The RB and rb sequences exhibited 99.8% nucleotide identity. Since the breeding progenies derived from the potato 3 S. bulbocastanum somatic hybrids may contain any or all of the four RGA/rga sequences, the PCR marker for the RB gene must be specific to RB and distinguishable from rb as well as other RGA/rga sequences.
Six primer sets were designed within the RB gene. Most primers are located within the leucine-rich repeat (LRR) domain of the second exon (Fig. 1A) , which is the most variable region within the RB locus compared to rb and the other three RGAs. Each primer set was designed to span less than 1 kb of DNA. Plasmid clones containing RB, rb, and the three other RGAs were used for initial testing of the primer sets. We found that only one of the six primer sets (Primers 1 and 19, Fig. 1A ) amplifies RB specifically. The second primer set (primers 2 and 29) amplifies both RB and rb. The remaining four primer sets amplify RB and rb, as well as three other RGAs.
Primer 1 reads in the sense orientation of the RB allele and is located in a region of significant divergence in relation to the other RGAs (Fig. 1B) . Primer 1 spans the coding region for the 15th LRR that is missing Reproduced from Crop Science. Published by Crop Science Society of America. All copyrights reserved.
the final leucine compared to the consensus sequence. Primer 19 reads in the antisense orientation of the RB allele and spans the coding region for the 18th complete LRR. Primer 19 contains 12 bp that are not present within rb (Fig. 1B) . This primer set no. 1 was used to amplify DNA from various lines that are known to either have or not have the RB gene. An expected 213-bp band was observed in all of the lines containing the RB gene (Fig. 2) .
Marker-Assisted Selection of RB
The potato breeding lines that potentially contain the RB gene were selected from progenies of crosses using a selected BC1/BC2 line derived from the potato 3 S. bulbocastanum somatic hybrids as the female parent and a potato cultivar or an elite breeding line as the male parent. The 4H lines (second field generation) and 8H lines (third field generation) (Table 1) had previously been field selected for two and three rounds, respectively, based on agronomic characteristics but not for late blight resistance. Field selections on agronomic performance include tuber appearance (tuber shape, eye depth, stolons), tuber number, size and uniformity, and reasonable early maturity. The WTS lines (Table 1) had previously been selected for their late blight resistance using detached-leaf assays. The late blight resistance of six WTS lines was also evaluated in an inoculated field test in Michigan (Douches et al., 2004) . The field test showed that these six WTS lines are highly resistant to late blight.
A total of 110 breeding lines were tested for the presence of the RB PCR marker. The RB gene was detected in 45 (41%) of the lines. However, this number is inflated because the 52 WTS lines were selected for late blight resistance based on detached leaf assays performed earlier (Horia Groza, unpublished data, 2002 . Only 50% of the WTS lines contain the RB gene ( Table 1 ), suggesting that the detached-leaf assays were error-prone. The RB gene was present among |33% of 4H lines and |32% of the 8H lines (Table 1) , indicating that the extra round of field selection among the 8H lines did not affect the frequency of the RB gene. Both BC1 and BC2 lines derived from the potato 3 S. bulbocastanum hybrids were used as parents to generate the breeding lines. The RB gene is detected among 41% of the lines when BC2 lines were used as the female parent, slightly higher than the 25% when BC1 lines were used as the female parent (Table 1) .
Confirmation of Late Blight Resistance in Marker-Positive Potato Lines
Seven marker-positive and seven marker-negative breeding lines as well as resistant and susceptible controls were chosen for late blight evaluation in the Biotron greenhouses. The relative humidity in the Biotron greenhouses can be maintained consistently at or above 90% (Douches et al., 2004) . All these five lines were positive for the PCR marker. Line WTS1212-6 tested by Douches et al. (2004) was not included in the marker analysis. ‡ Four BC1 clones (J101K6, J101K27, J103K7, J103K8) and three BC2 clones (J101K6A19, J101K6A21, J101K6A22) were used as female parents in crosses. (Naess et al., 2000) , which is critical to late blight resistance evaluation. This facility has been used to evaluate the late blight resistance of various germplasm developed from the potato 3 S. bulbocastanum somatic hybrids in our laboratory. The average score of late blight infection on the seven RB marker-positive plants was 7.7 (Table 2) , representing |14% foliage infection. These data indicate that the RB marker-positive plants are highly resistant to late blight (Fig. 3) . The seven marker negative had an average blight score of 4.4 (Table 2) , which corresponds to |65% foliage infection. Thus, the PCR marker cosegregates with the resistant phenotype under greenhouse conditions (Fig. 3) . Six WTS lines have also been tested in inoculated fields (Douches et al., 2004) and the resistance or susceptibility of these lines have also matched with the presence or absence of the PCR marker.
DISCUSSION
Potato breeding for late blight resistance began shortly after the beginning of the 19th century. Salaman and Wilson performed crosses between potato and S. demissum in the early 1900s, which were first used for resistance breeding in Scotland (Wastie, 1991) . The first potato cultivar used in the U.S. with S. demissum genes was Empire, released in 1945 (Ross, 1986) . Due to the breakdown of the R genes introduced from S. demissum, breeding efforts have been shifted to focus on developing cultivars with general or horizontal resistance. These efforts have yielded only moderately resistant or tolerant varieties. Such resistances are often not sufficient to protect the crop during heavy epidemics.
The short-lived R genes from S. demissum have prompted potato breeders and geneticists to look for resistance genes in other wild Solanum species (Colon and Budding, 1988; Douches et al., 2001; van Soest et al., 1984) . High-level resistances have been found in several diploid Mexican species, including S. bulbocastanum and S. pinnatisectum Dunal (Chen et al., 2003; Helgeson et al., 1998; Kuhl et al., 2001 ). These species may have adapted to coexist with highly complex and dynamic P. infestans populations (Niederhauser and Millis, 1953; Niederhauser et al., 1954) . Genetic mapping studies indicate that the resistance in both S. bulbocastanum and S. pinnatisectum may be conferred by a single gene or a few dominant genes (Kuhl et al., 2001; Naess et al., 2000) . The RB gene cloned from S. bulbocastanum showed a broad-spectrum resistance against various known P. infestans strains. This result suggests that gene RB may have different molecular mechanisms for fighting off the late blight pathogen when compared to the R genes from S. demissum. Thus, the RB gene and possibly similar genes in the diploid Mexican Solanum species may provide more durable and effective late blight resistance for potato breeding.
Although crosses between potato and the Mexican diploid species are extremely difficult (Ramon and Hanneman, 2002) , somatic hybrids between potato and these species can be readily developed by protoplast fusions (Helgeson et al., 1998; Menke et al., 1996; Oberwalder et al., 1998; Thieme et al., 1997; Ward et al., 1994) . Such somatic hybrids provide excellent germplasm to introgress the late blight resistance from the Mexican diploid species into potato. The somatic hybrids between potato and S. bulbocastanum are partially fertile and numerous backcrossed progenies have been developed (Helgeson et al., 1998; Naess et al., 2001) . The strong late blight resistances of several backcrossed progenies have been confirmed in numerous field tests, including in Toluca, Mexico (Helgeson et al., 1998) . These backcrossed progenies have been used as parents by many potato breeding programs in the United States and Canada.
Molecular markers have been developed for selection of several important disease resistance traits in potato. Restriction fragment length polymorphism (RFLP) and Hamalainen et al., 1997; Kasai et al., 2000) . PCRbased markers were developed for resistance to the potato root cyst nematode [Globodera rostochiensis (Woll.) Skarbilovich] (Niewohner et al., 1995) . Significant efforts for genetic mapping and marker development have been made on quantitative resistance to P. infestans (Meyer et al., 1998; Oberhagemann et al., 1999; Trognitz et al., 2002) . Although it has become routine to develop DNA markers closely linked with specific disease resistance traits, the efficiency of selection based on such markers varies, depending on whether the markers are user-friendly and how tightly linked they are to the target resistances. An increasing number of potato traits have been targeted for genetic mapping (Barone, 2004) . These efforts will eventually result in more markers for markerassisted selections.
The RB gene can be readily deployed into currently grown potato varieties by genetic transformation (Song et al., 2003) . However, as of yet, transgenic vegetable crops have not been widely accepted. In general, consumers are still concerned that genetically modified (GM) foods contain risks based on relatively new science whose benefits and drawbacks have not been fully explored or explained (Finucane and Holup, 2005) . Because of this public perception, releasing and field testing of GM fruits and vegetables in the United States has steadily declined since 1998 (www.nbiap.vt.edu/cfdocs/fieldtests1.cfm; verified 31 Oct. 2005). Thus, although the RB gene was cloned from a wild potato relative and it is now possible to develop transgenic potato cultivars that include only potato DNA without exotic DNA sequences from other organisms (Rommens et al., 2004) , the fate of GM potato cultivars in the near future is uncertain. Until the public concerns are alleviated and scientific progress has advanced to provide the evidence needed to alleviate those concerns, it is necessary to introgress wild Solanum disease resistance genes, including the RB gene, using traditional breeding approaches. The methodology used to introgress and select for gene RB using a marker-based approach is an effective way to achieve this goal.
